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Abstract 
We report a method to fabricate Nd-Fe-B bonded magnets of complex shape via extrusion-
based additive manufacturing (AM), also known as 3D-printing. We have successfully 
formulated a 3D-printable epoxy-based ink for direct-write AM with anisotropic MQA NdFeB 
magnet particles that can be deposited at room temperature.  The new feedstocks contain up to 
40 vol.% MQA anisotropic Nd-Fe-B magnet particles, and they are shown to remain uniformly 
dispersed in the thermoset matrix throughout the deposition process. Ring, bar, and horseshoe-
type 3D magnet structures were printed and cured in air at 100C without degrading the 
magnetic properties. This study provides a new pathway for fabricating Nd-Fe-B bonded 
magnets with complex geometry at low temperature, and presents new opportunities for 
fabricating multifunctional hybrid structures and devices. 
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Introduction 
The goal of this study is to fabricate near-net shape anisotropic Nd-Fe-B-based (NdFeB) 
bonded magnets with complex geometry using a 3D printing process. NdFeB bonded magnets 
have many applications, including computer hard disk drives, motors, sensors in automobile air 
bags, and consumer electronics. Traditionally, bonded magnets are produced by mixing 
thermoplastic/thermoset/elastomer polymers and magnet powders through injection molding, 
compression molding, calendaring and extrusion molding [1-9]. For NdFeB bonded magnets, the 
volume fraction of NdFeB powder particles in commercial injection molded and compression 
bonded magnets is typically 0.65 and 0.8 respectively [8]. Using an additive manufacturing 
(AM) process to fabricate magnets with complex geometry that can achieve comparable 
performance to injection molded bonded magnets could lead to new and better devices and 
sensors. 
AM is the process of building a component from the bottom up through selective and 
incremental material deposition. This technology is rapidly enabling the direct fabrication of 
complete functional devices, enabled by new, functional feedstocks and multi-material 
deposition hardware [10]. Specifically, direct-write AM technology, which employs 
rheologically-tailored viscoelastic “inks,” affords a vast potential for new structural and 
functional feedstock materials coupled with new novel print heads to impart novel architecture or 
functionality [11-15]. For example, direct-write technology has been used to print flexible silver 
electrodes [16], rechargeable micro-batteries [17], strain sensors [18], antennas [19], fiber-
reinforced composites [20], structural metals [21], and high temperature ceramics [22]. These 
works demonstrate the vast range of functional and structural materials available with direct-
write technology, but there have been very few investigations into 3D-printed magnetic materials 
[23], which are an integral component of functional devices.  
In addition to the wide range of materials and deposition motifs available with direct-write 3D 
printing, extrusion-based AM, which includes both direct-write and fused deposition modeling 
(FDM), offers the additional advantage of tailoring directionality in printed components, if 
desired. Compton and Lewis [20] have shown that extrusion-based printing of fiber-reinforced 
feedstocks can lead to highly efficient short fiber composites due to the high degree of fiber 
alignment that extrusion imposes, and the choice of print path itself can be used to write the 
orientation of aligned fibers into the printed part. This unique feature of additive manufacturing 
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represents a new level of control for the design and fabrication of optimized materials and 
structures that is not available with other fabrication methods. While controlled anisotropy and 
effective filler alignment has been demonstrated for printed structural composites that contain 
morphologically anistotropic fillers [20, 24], to the authors knowledge, the effects of the 
deposition deposition process have not been investigated for functionally anisotropic, but 
morphologically isotropic filler materials; it is unknown whether interactions between magnetic 
particles during deposition will impart any magnetic anisotropy in the printed component without 
the application of an external field. 
Here we report a new method for fabricating thermoset-based bonded magnets of complex 
geometry using direct-write AM technology (Fig. 1). In our approach, a viscoelastic, particle-
loaded ink is formulated containing a latent curing agent with magnetic and viscosifying filler 
materials that enable room temperature deposition and subsequent curing at mild elevated 
temperature. The formulation and deposition process, and interaction between magnetic particles 
during deposition, is shown to have minimal effect on the dispersion, size, or orientation of the 
particles in the printed specimens, suggesting that direct-write is a promising route for the 
fabrication of sophisticated magnetic and multifunctional components. 
 
Materials and Methods  
The magnetic ink in this study is comprised of Epon 862 epoxy resin (Momentive), MQA 38-14 
NdFeB anisotropic magnetic particles (Molycorp Magnequench), Cloisite 15A nanoclay platelets 
(BYK), and 1-ethyl-3-methylimidazolium-dicyanimide (Basionics VS03, BASF), acting as a 
latent curing agent (see Table 1 for detailed ink composition). The nano-clay platelets act as a 
viscosifier and impart the viscoelastic, shear thinning behavior that is necessary for direct-write 
3D-printing [20, 25]. The ink is formulated by first adding 1.0 g VS03 curing agent to 20 g of 
Epon resin and mixing in a planetary centrifugal mixer (Thinky ARV-310, Thinky USA, Inc.), at 
atmospheric pressure for 30 seconds. After this premix, the MQA particles are added in two 45 g 
increments with 60 seconds of mixing at atmospheric conditions after each addition. Next, the 
nano-clay is added and mixed for 60 seconds at atmospheric conditions. Finally, ~1 g of Acetone 
is added and the ink is mixed at 20 kPa vacuum (0.2 Bar) for 60 seconds. The ink is then loaded 
into a plastic syringe with a luer-lock needle tip (EFD Nordson). The syringe is mounted to a 3-
axis motorized gantry system (Solidoodle) with a custom-made syringe holder. Deposition is 
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achieved through the application of air pressure, and the stage motion and pressure modulation 
are controlled with G-code commands using Repetier-Host software (repetier.com). In some 
instances, the tool path was programmed directly in G-code, and in other instances, the G-code 
was generated automatically from 3D computer models using Slic3r (slic3r.org) tool path 
generation software. The latter approach is the standard process used for conventional FDM 3D 
printing of thermoplastic materials. Finally, after printing onto Bytac PTFE-coated aluminum 
foil substrates (Saint Gobain), the printed parts were cured in an oven in air at 100°C for 15 
hours. Magnetization was measured in a vibrating sample magnetometer (VSM) with the 
magnetic field applied parallel to the printing direction.    
Results and Discussion 
To establish successful deposition parameters and investigate the effects of mixing, deposition, 
and curing on the microstructure of the printed magnets, simple rectangular bars were printed 
(Fig 2). The representative printed bar is shown in Fig. 2a and a representative fractured surface 
in Fig. 2b. The fractured surface reveals some porosity trapped between filaments during 
deposition, but otherwise, no discrete interfaces between filaments can be identified. Because 
this printing method is performed at room temperature and the components are printed 
completely before curing, the epoxy resin forms physical crosslinks between layers, which can 
result in significantly better transverse strength, compared to conventional FDM. In conventional 
FDM, molten thermoplastics are deposited onto a cooler solidified layers and the bond strength 
between filaments is typically poor [26]. Optical micrographs of polished sections are shown in 
Fig. 2c, d for in-plane orientation and through-thickness, respectively. A scanning electron 
micrograph of the as-received MQA powder is shown in Fig. 2e at the same scale for 
comparison. The micrographs indicate uniform dispersion of the magnetic particles in the printed 
structure and no discernable change in morphology or size throughout the mixing and deposition 
process.  
Software-generated print paths are typically comprised of concentric perimeters and rectilinear 
raster infill patterns between the perimeters. Because this raster pattern would result in anti-
aligned neighboring filaments that could potentially disrupt any alignment of the magnetic 
particles that may occur during deposition, a new print path geometry was devised and 
programmed in G-code directly. The geometry consists of concentric square rings printed in a 
continuous counter-clockwise spiral path so that every filament is deposited with the nozzle 
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traveling in the same direction. The print path is shown schematically in Fig. 3a and the resulting 
printed part is shown in Fig. 3b. From the straight regions of these printed parts, samples were 
sectioned for magnetic characterization, as indicated in Fig. 3b. The measured magnetic 
hysteresis loop is shown in Fig. 3c. The plot is indicative of a bonded magnet containing ~40 
vol.% of the NdFeB particles. Thus, the formulation, deposition, and curing processes do not 
negatively affect the performance of 3D-printed magnets. Although we have successfully 
demonstrated 3D-printed thermoset-bonded magnets, additional methods may be necessary to 
fully utilize the properties of the magnetically anisotropic particles. Clearly, one of the additional 
challenges in utilizing the 3D printing process is to further increase in volume fraction of the 
MQA particles in the printed, bonded magnet to 0.65 or greater, in order to compete with 
commercial injection molded bonded magnets. These tasks are the subject of ongoing work.  
 
Conclusion 
In summary, we have demonstrated that direct-write 3D-printing is a promising new approach to 
fabricating anisotropic NdFeB resin-bonded magnets with complex geometry. Although 
significant research is needed to understand and utilize the full potential of 3D-printed magnets, 
the flexibility of extrusion-based deposition of thermoset-based bonded magnets suggests high 
potential for new approaches that may enable effective control over spatial orientation of 
magnetic anisotropy. 3D-printed magnets with a volumetric density of ~0.4 were achieved, and 
efforts are being made to increase the magnetic particle loading and optimize the ink 
characteristics to fabricate high performance bonded magnets with controlled anisotropy.  
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Figures and Tables 
 
Table 1: Magnetic ink composition* 
Constituent Density (g/cc) Batch mass (g) Mass fraction Volume fraction 
Epon 862 resin 1.174 20 0.172 0.518 
MQA particles 7.51 90 0.776 0.365 
Cloisite 15A 1.66 5 0.043 0.092 
VS03 curing agent 1.20 1 0.009 0.025 
Total 3.53 116 1.0 1.0 
*1g of acetone was also added to aid in mixing and deposition which was not included in the 
weight and volume fraction calculations. 
 
 
 
 
 
 
Fig. 1: (a) Luer-lock syringe cartridge; (b) Schematic of the direct-write deposition process; (c) A 
computer model of the print path generated for a horseshoe magnet geometry; and (d) Printed horse shoe 
magnet geometry. 
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Fig. 2: (a) 3D-printed, bonded magnet; (b) Fracture surface of a printed bar showing good coalescence of 
the printed filaments and some residual porosity; Polished optical micrographs of the printed MQA ink 
showing the uniform dispersion and angular morphology of the magnetic particles in (c) in-plane; (d) 
through-thickness cross-section; and (e) SEM image of the as-received anisotropic MQA particles.  
 
 
 
Fig. 3: (a) For magnetic measurements, a square ring geometry was programmed and (b) printed such that 
all deposition passes proceeded in the same direction (counter-clockwise) during printing. Test samples 
were cut from the straight section of the printed parts shown in (b). (c) The measured magnetic hysteresis 
loop for the printed sample. 
 
 
